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Introduction
The financial crisis was characterized by increased instability across financial markets and the contagion of its effects across markets and countries. The contagion of asset return volatility across countries during times of stressed market conditions was first highlighted by the experience of the world-wide downturn in equity prices in October 1987. For example, King and Wadhwani (1990) found that the correlation between equity market movements in different countries and general levels of volatility were positively related. Understanding the evolution of the correlations between financial assets is central to establishing the limits of diversification, to security pricing, and to successful asset allocation. Moreover, the instability associated with contagion across countries may deter investors, may reduce liquidity, may increase firms' costs of raising finance, and ultimately stall economic growth.
This study aims to determine whether the actions of QE, by both the Bank of England and the Federal Reserve improved stability in the US and UK equity markets, whether these benefits crossed national boundaries, and how the correlation between these markets evolved during and after the financial crisis.
The existing literature on the effects of QE, explored in more detail in the next section, has either concentrated directly on the immediate impact on the bond market especially on bond yields or more generally on the impact on the macroeconomic aggregates of output (GDP) and CPI inflation. However, changes in the supply of one asset class -as happens under QE asset purchase programmes -can influence the price of other assets, if the ACCEPTED MANUSCRIPT
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3 assets are imperfect substitutes. 1 This portfolio balance mechanism is one of the transmission mechanisms through which QE can influence both asset prices more generally and potentially beyond the boundaries of domestic financial markets. This opens up the possibility for transnational effects of QE. Bernanke (2015) argues that QE can affect other countries if increased domestic demand brings forward a rise in overseas output to meet it, and also by lowering the global risk free rate and global risk premia. By anchoring interest rate expectations near the zero lower bound, QE was actively promoted as a means to reduce economic uncertainty. Theoretical work by Veronesi (1999) and Ross (1989) shows how uncertainty resolution can impact upon asset return volatility. Taken together these theoretical frameworks motivate our study of the potential for there to exist trans-national effects of QE on equity market volatility.
In this study, we use a multivariate GARCH modelling framework to examine the variance and covariance structure of the UK and US equity markets, before, during and after the recent financial crisis. In particular, a multivariate framework is employed that permits a dynamic covariance structure between the two markets. Included in this dynamic structure are indicator variables for the different phases of the financial crisis and QE, and variables representing the intensity each QE action. In addition, we consider spill-over effects into the volatility of the French, German and Japanese stock markets. Looking first at each market in isolation, we find significant reductions of the equity market returns in the US on specific days of US QE1 operations that is greater than the general rise in returns that is experienced during the entire QE1 phase. We also find a positive return response to the resumption of QE in Japan that by contrast to US and UK QE activity was much less anticipated. Otherwise, the impacts of the phases of QE and specific days of QE actions appear to have been anticipated in the returns. We also find that the variance of the US equity markets were also unaffected 1. See Tobin (1958 Tobin ( , 1961 Tobin ( , 1963 for the development of the portfolio balance model.
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4 by the US QE operations, but for the UK, we find that days of QE operations during both the QE1 and QE2 phases generated a significant increase in the variance of the UK equity market. This means that although volatility in these markets fell back in general after the commencement of QE, on specific days of actual QE activity in the UK, the volatility of equities increased in proportion to the amount of assets being purchased under the QE programmes. We also find spikes on the specific days of QE activity, during UK and US QE1, in the equity volatility in France and Germany, neither of which was experiencing QE at that time. In addition, the French and Japanese markets saw positive spikes in volatility during US QE3, with the latter being so after controlling for the contemporaneous resumption of QE activity in Japan. The German market appeared to experience a general increase in volatility during the US QE maturity extension programme, but this was reduced to below pre-crisis levels on days following US QE operations. For the variance-covariance structure of the US and UK equity market, our results reveal that the BoE but not the Fed QE daily operations increased both the volatility of equity returns in both markets and also the covariance between the two markets.
The remaining sections of the paper are as follows. Section 2 provides a brief overview of related literatures on the covariation between equity markets, the effects of macroeconomic policy on equity markets and the effects of quantitative easing on financial markets. These establish context and identify the ways in which our paper contributes to the literature. Section 3 describes the GARCH modelling framework that will be employed, and highlights the particular innovations in our modelling that enable us to examine the effects of QE. In Section 4, we describe the data used and provide some summary statistics. An analysis of the estimated coefficients of the GARCH models is reported in Section 5. Section 6 contains a summary and offers some conclusions and policy implications.
Literature Review
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Equity Market Covariation
Studies of the covariation between asset markets were greatly advanced by the development of multivariate generalised autoregressive conditional heteroscedasticity (MV-GARCH) time series models, as applied, for example, by Hamao et al. (1990) , Koutmos and Booth (1995) , Bekaert and Harvey (1995) and Bekaert and Wu (2000) . For example, Hamao et al. (1990) discovered that shocks to the volatility of financial market returns in one country could influence both the conditional volatility and the conditional mean of the returns in another country. Berben and Jansen (2005) there were increases in correlation among stocks in both regions, but also there were increases in markets that were relatively more insulated during these times, such as China. Kasch and Caporin (2013) extend the model of Capiello et al (2006) to accommodate threshold changes in correlation that depend on changes in variance. Our model has threshold changes that depend on the transition through certain time periods corresponding to the crisis and the phases of quantitative easing.
Macroeconomic news and equity market volatility
In an efficient financial market, macroeconomic news should be fully and instantaneously reflected in market prices (and returns). Ross (1989) used a no-arbitrage martingale 2. Carrieri et al (2007) argue, however, that correlation is likely to be a conservative measure of international financial market integration. Diebold and Yilmaz (2009) have proposed an alternative method to the GARCH framework to capture spill-overs of volatility shocks from one country to another, using a VAR and aggregating volatility spill-overs from multiple other countries' equity markets into a single index. A recent application to spill-lovers between currency and equity markets is Grobys (2015) . In our study, we are concerned with "spill-over" effects of QE activity rather than spill-overs of volatility.
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6 theoretical asset pricing framework to establish that asset price volatility represents the rate of information flow into an efficient market. Higher volatility implies a higher rate of flow of information into prices and thus a more efficient market. The relationship between financial market volatility and macroeconomic news, in particular, is developed in the theoretical work of Veronesi (1999) . In this model, if the uncertainty surrounding macroeconomic fundamentals is high, then news causes asset prices to move much more than when this uncertainty is lower.
The empirical literature on the effects of macroeconomic news announcements on stock prices has an extensive history, for example, Brealey (1970) , Officer (1973 ), Rozeff (1974 , Goodhart and Smith (1985) , Campbell (1987 ), Cutler et al (1989 , Schwert (1989a,b) and Wasserfallen (1989) . More recent contributions to the literature relating conventional monetary policy surprises and other macroeconomic news on returns in stock markets and volatility in stock markets both within and across countries include, Becker (1995), Hamilton and Lin (1996) , Bomfim (2003) , Ederington and Lee (1993) , Steeley (2004) , Graham et al., (2003) , Kearney and Lombra (2004) , Nikkinen and Sahlström (2001 , 2004a , 2004b , Brenner et al (2009) and Bekaert et al (2013) . 3 Our paper adds to this literature by examining the impact of monetary policy actions during the recent crisis and QE phases on the volatility of and cross correlations between the UK and US equity markets.
Quantitative Easing and Financial Markets
In March 2009, the BoE monetary policy committee (MPC) announced the start of its asset purchase programme, financed by the electronic creation of money, at the same time as it reduced Bank Rate to 0.5%, its effective lower bound. The QE program in the UK was in three phases. The first phase, QE1 was between March 2009 and January 2010, when £200
3. This is a very small selection from a vast literature that to review would encompass an entire paper in itself. There are also parallel literatures examining the effects of news on bond market returns and on volatility, for example, Jones et al (1998), Balduzzi et al., 2001, De Goeij and Marquering (2006) , Brenner et al (2009 ), Nowak (2011 and Abad and Chulia (2013) . Steeley and Matyushkin (2015) consider the effects of QE on bond market volatility.
A C C E P T E D M A N U S C R I P T 7 billion was expended on purchase of assets, mostly gilts. The purchases of gilts were initially restricted to conventional gilts with a residual maturity between 5 and 25 years but at the August MPC meeting the maturity range of gilts to be purchased was brought forward to three years and over. Other assets such as commercial paper and corporate bonds were also Existing research on the effects of the QE operations has mostly focussed on the immediate impact in the bond market or on the impact on output (GDP) and CPI inflation.
Studies by Meier (2009 ), Joyce.et.al. (2011 ), Meaning and Zhu (2011 ) and Breedon et.al. (2012 , find significant reductions in bond yields in the UK resulting from asset purchases during the first phase of QE. By contrast, Joyce et.al. (2012) , Martin and Milas (2012) and Goodhart and Ashworth (2012) , which considered the QE2 and QE3 periods in the UK, and Meaning and Warren (2015) suggest that these later QE operations did not reduce government bond yields by as much or at all. For the US bond market, D'Amico and King (2010), Gagnon et.al. (2011), Glick and Leduc (2012) and Wu (2012), Bauer and Rudebusch (2014) and Neely (2015) found evidence of yield reductions of up to 100 basis points from the first phase of US QE. Like in the UK, later phases of QE have had more modest effects, see for example, Swanson (2011 Swanson ( , 2015 . Studies and surveys of the wider economic impacts of the QE operations in the US and UK include Baumeister and Benati (2016) and Haldane et al (2016) , with the latter two studies indicating that the positive effects on GDP and CPI may be larger than reported in the earlier studies.
4. Timeline summaries of QE announcements and key events for the UK, the US and Japan can be found in Borio and Zabai (2016 , Table 3 ).
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However, since the pioneering work by Tobin (1958 Tobin ( , 1961 Tobin ( , 1963 , it has long been understood that changes in the supply of one asset class can influence the price of other assets, if the assets are imperfect substitutes. This portfolio balance mechanism is one of the transmission mechanisms through which QE can influence both asset prices (generally) and the wider economy, and provides theoretical grounding and motivation for our study of the effect of QE on equity market volatility and covariation. 5 The direct upward pressure on bond prices that may come from the central bank's bond purchases can give rise to an additional effect to increase the prices of other assets if the sellers of bonds do not regard the cash received as a perfect substitute for the bonds sold, and use the cash proceeds to purchase other assets, such as equity. This process may continue until all asset prices have been bid upwards to rebalance asset portfolios to accommodate the increased cash balances. The increase in asset prices, which leads to both wealth effects and lower costs of capital, in turn boosts the economy through increased investment and consumption. A recent study by Haldane et al (2016) suggests that the effects of QE on equity returns in the UK are mixed, sometimes positive and sometimes negative and are small in magnitude. Evidence in Villanueva (2015) draws a similar conclusion for the effects of QE on US stocks. By contrast, Ballati et al (2016) suggest that the effects on equity prices are stronger and the pass-through to the economy insignificant. Barbon and Gianinazzi (2017) report a significant increase in Japanese equity prices in response to the purchase of ETFs by the Bank of Japan after 2013.
As a general policy tool, QE was designed to reduce uncertainty and improve liquidity, and the models of Ross (1989) and Veronesi (1999) provide a theoretical channel through which the trans-national effects of QE can influence asset return volatility. It is, therefore, upon volatility rather than returns (where for example Haldane et al (2016) find a limited response) that we focus our study.
5. QE may also influence the economy through liquidity and expectations based transmission channels. These are described in, for example, Benford et al (2009) .
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Our study will add to a small number of studies that have examined the effects of QE on equity market volatility, although these have all been confined to studying the effects within a single country. Tan and Kohli (2011) examine the volatility of the US stock market over the period 2008 to 2011, encompassing the US QE1 and QE2 phases. They examine three models of volatility, an AR(1) process and a modified constant elasticity of variance model, both applied to the VIX measure of implied volatility for the S&P500 index, and the conditional volatility from a GARCH(1,1) model applied to the returns to the S&P500 index.
They find that the onset of QE led to a significant drop in stock index volatility that then reverted to previous levels following the ending of a phase of QE. Joyce et al (2011) Joyce et al (2011) also consider the possibility of time variation in the correlation structure between asset classes. They use a diagonal VECH form of the multivariate GARCH and offer some preliminary evidence, using monthly data until the end of 2009, of increases in the volatility of the correlation between UK equities and bonds around the commencement of QE. However, the estimated conditional covariances appear to display some instability with the onset of the crisis, and the lack of statistical significance of some of the coefficient estimates, particularly in the unconditional variance-covariance matrix suggests that their model may be poorly specified. Steeley (2015) develops this analysis further by including all the phases of QE in the UK, isolating their separate effects, using daily data, measuring the
intensity of QE activity on a particular day and including additional macroeconomic controls.
The QE intensity measure captures the actual size of QE activity on a particular day, to determine whether this has an effect beyond a general effect of the markets being within a phase of QE. He is unable to reject the hypothesis that the correlations among UK asset classes did not change during the period 2004 to 2014.
In this study, we will extend and refine this earlier work in a number of important dimensions. First, we will broaden the analysis to more than a single country. This will enable us to see if QE activity effects not only the equity market volatility of the country within which the QE activity took place (the UK or the US) but also had an effect on volatility in another country that was not experiencing QE, specifically France and Germany and Japan. Japan actually resumed quantitative easing towards the end of our sample period, and so we also examine whether this had any incremental impact. The existing research on QE spill-over effects has focused on the effects of US QE on supporting asset prices (rather than volatility) and the economy, for example Fratzscher et al (2013), Rogers et al (2014) , Neely (2015) , Haldane et al (2016) and Chen et al (2017) , 6 and so our study provides an insight into possible spill-overs into volatility.
Second, by combining the UK and US into a multivariate GARCH system, we examine whether the volatility of equity returns in these two countries and the correlation between them is affected by the QE operations of both countries, or whether one of them appears to dominate. Given the closely related nature and timing of the QE operations by both the Fed and the BoE, it is interesting to disentangle their effects on volatility within and between the two countries. Third, we include the more recent maturity extension programme of QE2 and the QE3 phase in the US, which have been much less studied than QE1 and QE2,
6. There are also emerging literatures examining the spill-overs from the very recent introduction of QE by the ECB into other European economies, which happened after the end of our sample period, for example, de Santis (2016), and for spillovers into emerging economies, for example, Burns et al (2014) .
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12 to see whether their effects were different to the prior QE2 phase. Fourth, we refine the measure of QE intensity and calculate it for both countries. Overall, our paper offers substantial contributions to specific several existing literatures, as well as adding to the overall body of research that has examined the effects of QE.
Methodology
The generalised autoregressive conditional heteroscedasticity (GARCH) family of statistical processes (Engle, 1982 and Bollerslev, 1986 ) is used to model the variance processes of the returns in the two markets. 7 Specifically, the basic model is (1) where , where (2) where is daily the return from market in week ,
The information set, , includes all information known at time , and The variables , and are also indicator variables capturing the effects of entire phases of QE activity. Thus, for the UK, the variables take the value of one during the 7. See also the survey paper by Bollerslev et al. (1992) . Pre-testing of the returns series strongly rejected the null hypothesis of no ARCH effects. The intensity of QE activity on a particular day is measured by the variables , and (in the US QE equations only) and are similarly separated by the phases of QE. 8 The value of this variable on day t is the quantity of purchases on that day relative to the average daily quantity of purchases prior to that day. We examined a number of alternative measures of QE intensity, including the quantity of purchases on a day relative to the total (or average) across all QE periods and our key findings do not depend on the precise definition of the measure.
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The form of the variance equation in equation (2) is a standard GARCH(1,1) specification, where the conditional variance is a function of its immediate past values and past squared residuals only, with the addition of the same exogenous variables and indicators as appear also in the returns equation. Using this model as the null hypothesis, likelihood ratio tests could not reject this model in favour of more complex alternative specifications 8. As the Bank of Japan only publish QE activity data on an aggregated monthly basis, it is not possible to create a corresponding intensity variable, and so only a phase dummy variable is included to capture Japanese QE. 9. We acknowledge a referee of this journal for prompting us to consider a variety of measures. The advantage of using a measure relative to an average, rather than relative to a total, is that it takes the same order of magnitude as the phase dummy variables, which makes the interpretation of the estimated coefficients much more obvious. Although the bounds of forthcoming QE purchase exercises were announced at the start of each phase, the actual out-turn of purchases was not known in advance. So, to ensure the most conservative of testing frameworks, we measure intensity relative to the average of prior daily purchases, rather than the full sample average.
involving asymmetries, variance-in-mean terms, or higher order ARCH terms. In the variance equation, the coefficient b measures the tendency of the conditional variance to cluster, while the coefficient c (in combination with b) measures the degree of persistence in the conditional variance process.
In the first stage of the empirical analysis, each of the markets is modelled separately using equations (1) and (2). In order to capture the evolution of the correlations between the UK and US markets, and how this has been affected by their parallel QE activity in the postcrisis period, it is necessary to estimate the two markets together and to explicitly model the correlation processes. Within a multivariate setting it is possible, in principle, for each conditional variance or covariance term to depend on all the lagged variance and covariance terms, which quickly generates a large parameter space. We use the diagonal VECH restricted version of the multivariate GARCH model proposed by Bollerslev et al (1988) , which reduces considerably the number of parameters to estimate.
Because the time periods of the phases of QE in the UK and the US sometimes overlap in full or in part, it is not possible to include all the QE phase variables used in the univariate specifications into the mean equations of the multivariate specification, due to the strong collinearity that is generated. However, we can include a sub-set that spans all of the separate phases. So, we include a single variable that encompasses the first QE phases for both the US and the UK. For the second phase, the original QE phase dummies can be used as they are unique time periods. For the third phase, like with the first, the variable covers the period from the start of the US maturity extension programme to the end of its third phase of QE, a period that encompasses the third phase of UK QE. A similar issue arises with the QE intensity variables, and we solve this by combining the individual QE intensity variables, on a per country basis, into a composite variable that captures daily QE intensity in that country throughout the entire sample period. So, we create two new variables, , and as (3) and include both of them in the multivariate specifications of the means and of the variances and covariance.
10
In this case, the variance processes are similar but simplified versions of the processes specified in equation (2), that is (4) while the companion covariance process is specified as
As we find in the univariate model that of the dummy variables representing the Lehman collapse and the QE phases, only the Lehman dummy variable is significant in the variance specifications, we only include the former in the multivariate variance and covariance specifications. This aids the estimation of the multivariate model by reducing the parameters to be estimated and avoiding collinearity issues.
A potential pitfall with the diagonal VECH specification is that the matrices of parameters, for example, the matrix that has general element , and might not be positive semi-definite. The solution that we adopt is to restrict the parameter matrices to have full rank, which guarantees positive semi-definiteness. Parameters of all of the models will be estimated by maximum likelihood using the LevenbergMarquardt algorithm, which combines the Gauss-Newton method with a gradient descent method, Levenberg (1944) and Marquardt (1963) .
Data and Summary Statistics
10. Since the UK and US trading days partially overlap rather than fully coincide, it is possible that the effects of US QE operations into the UK equity market may not be captured fully using a contemporaneous variable. So, we examine the model with the US QE intensity variable lagged by one day. Our conclusions are not changed whether using lagged or contemporaneous intensity variables. We make a similar substitution in the univariate models when examining the effects of US QE in Europe, and of both US and UK QE in Japan. We thank a participant at the 2016 INFINITI conference for suggesting this additional check. percent on average. While the US and UK markets both had negative skewness over the sample period, the level of skewness is small. The Japanese market displays a greater negative skewness, while the returns in the two European markets appear to have slight positive skewness. All the return series are leptokurtic, reflecting the fat-tailed nature of distributions of asset returns.
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In addition to the summary statistics computed for the daily returns, we also computed the correlation coefficient between the daily equity market returns for the US and UK, dividing the sample to provide comparative statistics for periods before and during quantitative easing. The significance of the correlation coefficients were verified by regressing the UK equity market returns on the US equity market returns and using the pvalues of the F-statistic from the regression outputs, which were all highly significant. A Chow test was also performed on the full sample estimation output with the March 11 th 2009 commencement date of the first phase of the BoE QE operations as the breakpoint, with a null hypothesis of no break on the specified date. The null hypothesis was also strongly rejected (p=0.0001). A similar result is also obtained using divided by the average daily market value of bond purchases through the QE activity across all QE activity days prior to the given day, for the respective country. This is taken as the measure of QE activity intensity on a given day. Figures 1 and 2 show frequency distributions of the sizes of the daily asset purchase quantities (relative to the prior daily average) during the individual phases of the QE operations, for both the UK and the US. It can be seen that the activity during QE1 in the UK spans a much wider range of relative sizes than during the latter two phases of QE. Moreover, only QE1 saw purchase activity that was regularly consistently larger than it had been to that point. By contrast, during QE2, the size of QE purchase activity was more moderate, concentrated around 85 percent of the prior average daily value, while during QE3, the activity reduced to as little as 47 percent of the prior daily average purchase values. For the USA, the distribution of relative sizes of QE purchase activity covers a broader range, from as little as 3 percent of the prior average to more than twice that average on two occasions. Moreover, there is less distinction between the phases than for the UK, except for a slight tendency for relative larger scale activity during QE2 and somewhat smaller scale activity during QE3, which itself saw the most actions with it being the most long lasting phase.
Empirical Results
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18 Tables 2 and 3 present the estimates of the parameters of the models in equations (1) and (2). Given that UK and US QE activity was heavily anticipated, our prior expectation is that the impacts will be concentrated in the variance rather than in the mean. This is broadly what we see in the mean equations, although there are some interesting exceptions. Although not significant, the indicator variable capturing the impact of the Lehman Brothers collapse is associated with a reduction in returns in all countries examined. The phases of UK QE have no significant effect on equity returns, which is consistent with recent findings in Haldane et al (2016) , and the variables measuring the intensity of QE activity have only a spill-over effect into the returns in the German equity market. During QE1, UK QE activity is associated with a significant rise in the returns in German equities (p=0.09), while during QE3, UK QE purchases appear to be reducing returns in German equities (p=0.05). During QE1 in the US, the entire phase of QE is associated with a rise in US equity returns (p=0.06), but this is more than offset by a reduction in returns on the days of actual QE activity (p=0.04). The observations of negative reactions to QE activity are in conflict with the portfolio rebalancing transmission channel of QE, in that investors that have sold bonds into the QE process are then seeking alternatives to replenish their portfolios, which puts upward (rather than downward) pressure on prices. 11 Therefore, we considered the possibility that the reaction on the day of QE purchases could be a correction to an overreaction the previous day, in response to anticipatory purchases of equity. We added an indicator variable that took 11. These results are robust to the alternative measures of QE activity that we examined and to other minor specification alterations for both the mean and variance equations and to alternative distributional assumptions and optimisation algorithms.
19 the value one the day before a QE operation, but found no significant effect and also no change to the negative and significant response on the day itself. However, this negative reaction is consistent with findings for UK QE reported in Joyce, Liu and Tonks (2014) that investors in gilts who were selling into the QE purchase programme were also selling off equities, replacing both with corporate bonds. It is possible, therefore, that US investors were replacing both government bonds and equity with corporate bonds during QE1. Later phases of US QE do not seem to influence US stock returns, which is consistent with findings in Villanueva (2015) . In the case of Japan, we find a positive and significant effect on returns of the third phase of US QE, (p=0.03). However, as this phase fully encompasses the re-starting of QE in Japan, it is most likely that this is a positive reaction to its own renewed QE activity that, by contrast to the UK and US's responses to the financial crisis, was much less anticipated. 12 This is consistent with the portfolio rebalancing channel of QE, and the recent study by Barbon and Gianinazzi (2017) .
Turning to the variance equations, in Table 3 , the coefficients of the lag squared return and the previous conditional variance terms are also highly significant and within the expected range for all of the equity markets, with the bulk of the effect coming from the previous conditional variance. Indicator variables for the Lehman Brothers collapse are significant in all variance equations and, as expected, positive implying that this event period was followed by an increase in volatility in these equity markets.
If the subsequent periods of the quantitative easing acted to reduce volatility back to its pre-crisis levels, we should expect that the indicator variables for the phases of QE should be not significantly different from zero. With the exception of the second UK phase of QE where for the UK equity market the volatility was actually reduced significantly below precrisis levels (p=0.03), volatility in all four countries retreated to pre-crisis levels during the 12. Although, we also include a variable to capture the precise sub-period of Japanese QE, which turns out to be negative, the net effect (including the US QE3 variable) is still positive.
20 phases of UK QE. However, the QE intensity variables point to some disruption to the market on days of QE activity. Specifically, for the UK equity market, both during QE1 (p=0.08) and QE2 (p=0.03), there were significant increases in volatility in proportion to the size of the QE purchases being undertaken. In addition, we find spill-over effects of these daily UK QE purchases into the equity markets into both France (p=0.06) and Germany (p=0.03) during QE1 that, as described earlier, saw the highest frequency of relatively large QE purchase activity in the UK.
For the US phases of US QE, which in part overlap with those of the UK, we again find, as expected, a return of volatility to pre-crisis levels, in both the US and the other three countries. However, we find that the maturity extension programme in the US appears to have been accompanied by an increase in the volatility of German equities (p=0.03), although this is more than offset on days of actual QE purchases (p=0.08). We also see that days of US QE activity also spilled -over into the German equity market (p=0.03), as was also the case for days of UK QE activity. We also find that QE3 activity in the US spill-over to increasing volatility in both the French (p=0.04) and Japanese markets (p<0.001), the latter even after accounting for its own QE activity. By contrast to the experience of the UK, where QE purchase days were accompanied by increased equity market volatility, the same is not observed in the US, suggesting that the US equity market was more able to absorb QE related trading. calmed equity market volatility, although there were some noticeable spikes in the equity markets' volatility particularly for the US market around the last quarter of 2011. However barring this, equity market volatility had largely returned to pre-crisis levels in both markets by the end of our sample period. This is consistent with the significance levels of the QE related coefficients in conditional variance equations, although this might not be wholly attributable to the QE operations, given some of the other policy measures being implemented by the two countries over this period.
We turn now to a joint analysis of the US and the UK equity market to see how each market's return volatility and the correlation between them was responding to each other's QE activity. Revisiting the mean equations first, in the upper panel of Table 4 , we again find that the first phase of US was associated with a boost to US equity returns (p=0.03), and that the UK now also appears to be responding to this first phase of QE (p=0.05). For the US, this significant rise in returns seems to continue beyond their first phase of QE into the period when the UK was undertaking its second phase of QE, indicating some potential spill-over effects, consistent with the portfolio rebalancing channel, from the UK to the US (p=0.02). In the univariate models, a puzzling result was the observation of significant negative responses of returns to daily QE1 activity in the US. Within the broader multivariate setting, the evidence of this is much weaker, (p=0.34) although now we are using composite intensity variables -which group the activity across all phases of QE.
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The lower panel of Table 4 , shows the estimation results of the variance-covariance specification from the DVEC model. The coefficients on the own past shocks and own past variance are significant and, for the conditional variances, consistent with the values obtained in the univariate cases (p<0.0001). The dummy variable capturing the impact of the financial crisis indicates that the crisis increased not only the conditional variances in the US and UK equity markets, as we found in the univariate modelling, but also significantly increased the covariance between the equity returns in the two countries (p=0.01). This is consistent with our summary statistics that suggested that the post-crisis correlation between the two markets was significantly increased. It is also consistent with the literature on financial market contagion; in times of crises financial markets are more likely to move together.
For the effects of daily QE activity, we find results that augment the findings of the univariate modelling in important ways. First, as with the univariate modelling, the daily QE activity in the US had no impact on US equity volatility. We now can also see that it had no effect on either the volatility of UK equities or the covariance between US and UK equities.
In the univariate case, we found that UK QE activity impacted UK equity volatility in both the first and second phases of QE, and our composite variable picks this up again in the multivariate setting (p=0.09). But, what we also find in the multivariate setting is that daily QE activity in the UK is spilling over into both the volatility of US equities (p=0.09) and also the covariance between the two markets (p=0.07), increasing them all. The conditional correlation derived from the conditional variances and covariance from the multivariate model is shown in Figure 4 . The rise in the conditional correlation that follows the financial crisis is clear, and consistent with the results for the unconditional correlation reported in Section 4. We can also see that this rise begins to decay during the phases of QE that follow.
Conclusion
ACCEPTED MANUSCRIPT
Our study has examined the effects of US and UK QE operations, both in general and of the intensity of daily bond purchase activity by the monetary authorities, on the volatility of their equity market returns. This has been done both within each market and, by using a multivariate GARCH model, permitting QE effects to transfer from one market to another, and to also influence the cross market correlation in returns. We also consider the potential for QE effects to spill-over into other countries that were not experiencing QE activity as an immediate response to the financial crisis.
Our empirical results suggest that QE operations have had some significant impact on the equity markets examined. Consistent with recent studies that have examined the effects of QE on equity returns, our results from the univariate analysis indicate that QE operations mostly had relatively little impact on returns not only in the UK and US, but also in France and Germany that were not undertaking QE or in Japan that only resumed QE activity very recently. However, there was some indication that German equity returns were responding positively to UK QE daily activity during QE1 and QE3, while Japanese equities seemed to respond positively to the resumption of their own QQE programme in 2013.
Across all markets, the most dramatic result is the significant rise in the volatility of equity returns following the collapse of Lehman Brothers, from which many have dated the start of the financial crisis. Equally dramatic is the subsequent reversal of this rise once the UK and the US commence their QE operations. In all countries, volatility returned to precrisis levels during the phases of UK and US QE. For the UK, volatility actually decreased significantly below these levels during QE2. This suggests that QE operations not only calmed equity markets in the countries that were undertaking QE operations but also did so more widely, in Europe and in Japan. The intensity of daily QE activity in the UK was also found to cause increases (on those days) in the volatility of UK equity returns in the UK during QE1 and QE2, and the daily activity during QE1 also spilled over into daily volatility
increases in France and Germany. This suggests that the additional financial market trading caused by the QE operations in the UK (through a portfolio rebalancing channel) was causing spikes in volatility in equity returns in these three countries, meaning that the success that QE had in dampening down the increase in volatility experienced during the financial crisis was intermittently disrupted by the effects of the QE operations themselves. US QE activity was observed to have little effect on equity market volatility, including in the US itself.
Our multivariate analysis supports the conclusions of our univariate analysis but allows us to consider the impacts of QE between the UK and US, who were both undertaking their QE operations in response to the financial crisis. As foreshadowed by the univariate analysis, we find effects coming from UK QE operations but not from US QE operations. In particular, we find that UK QE operations not only affected UK equity volatility, but also significantly increased US equity volatility and also the covariance between the two countries' equity returns. While these effects are for daily QE intensity, we also find that the correlation between the two countries returns increased in the aftermath of the financial crisis but that this correlation has fallen back somewhat over the course of QE.
We attribute the differences between the volatility responses to UK and US QE to the subtle differences in programme design. As the UK was the first to start government bond purchase operations, this may have had a disproportionate impact on financial markets compared to subsequent QE activity in either the US or the UK. Second, the layout of QE activity in the UK and the US were somewhat different. In the UK, the emphasis at the start of each phase of QE was on the size of the total purchases to be undertaken, whereas in the US, the announcements tended to mention monthly purchase targets rather than an overall total. The latter emphasis implies a smoother purchase sequence which may have resulted in less disruption to financial market volatility. The distribution of relative size of purchase
activity was also much more concentrated within any given phase for the UK than for the US, again suggesting that US QE activity was being smoothed.
Our results have clear implications for portfolio selection and diversification in and across these equity markets for investors, since the correlation between the two markets was changing during the crisis and the subsequent phases of QE. This is also consistent with the observation in Joyce et al (2014) in the UK that investors were switching from both government bonds and equity into corporate bonds to access new diversification opportunities. In addition, our results provide policy makers with a greater perspective on the potential for day to day QE operations to temporarily affect other asset markets, both domestic and overseas. 
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Highlights
 We model the effects of US and UK QE on the variance -covariance of equity returns  We examine these effects in the US and the UK and in Germany, France and Japan  UK QE activity had more significant effects on volatility than US QE activity  UK QE activity also affected the covariance between the US and UK equity markets  We attribute these US/UK differences to the differences in the design of QE operations
